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Imaging  of  Photoexcited  Carrier  Distribution  in 
Semiconductors  by  THz  Beams 

Masanori  Hangyo,  Masatsugu  Yamashita,  Yoshiaki  Kitoh,  Masayoshi  Tonouchi 


Abstract  - A terahertz  (THz)  wave  imaging  system  using 
photoconductive  antennas  as  an  emitter  and  detector  has 
been  constructed  and  the  focussing  characteristics  of  the 
beam  near  the  sample  position  has  been  investigated.  By 
using  this  system,  the  images  of  photoexcited  carrier 
distribution  in  silicon  have  been  obtained  with  spatial 
resolution  of  2.5  mm  by  measuring  the  transmission  of  the 
focused  THz  beams. 


I.  Introduction 

The  transmittance  and  reflectance  of  electromagnetic 
waves  in  the  microwave  and  infrared  regions  are  much 
affected  by  free  carriers  in  semiconductors  [1,2].  Fig.  1 
shows  the  transmittance  of  electromagnetic  waves  in  the 
THz  region  calculated  for  400-|Lim  thick  silicon  wafers 
with  various  carrier  densities.  In  this  calculation, 
multiple  reflection  in  the  sample  is  neglected  since  we 
can  exclude  the  multiple  reflection  by  cutting  off  the 
multiply  reflected  electromagnetic  waves  in  the  time 
domain.  The  transmittance  is  greatly  affected  by  the 
carrier  density,  especially  in  the  low  frequency  region. 
By  measuring  the  transmittance  or  reflectance,  the 
density  and  mobility  of  the  free  carriers  can  be  obtained 
without  contact  to  the  samples  [l]-[3j.  The  free  carriers 
are  generated  also  by  optical  excitation  and  the 
transmittance  and  reflectance  of  the  electromagnetic 
waves  are  affected  by  these  photoexcited  carriers.  The 
change  of  the  reflectance  of  microwaves  by  the 
irradiation  of  light  has  been  used  to  characterise 
semiconductors  [4,5].  Since  the  photo  induced  reflectance 
is  influenced  by  the  dark  resistivity,  recombination  time 
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Fig.  1:  Dependence  of  the  transmittance  of  THz 
waves  on  the  carrier  density  in  silicon  wafers 
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of  photoexcited  carriers,  surface  recombination  velocity, 
and  so  on,  versatile  information  on  the  free  carriers  and 
quality  of  the  samples  can  be  obtained. 

Imaging  of  photoexcited  carriers  by  using 
electromagnetic  waves  is  important  to  evaluate  the 
homogeneity  of  semiconductor  samples.  Recently, 
Nozokido  et  al.  constructed  a scanning  near-field 
millimeter-wave  microscope  and  applied  it  to  visualising 
the  photoexcited  carrier  distribution  in  silicon  wafers  and 
its  time  evolution  with  a spatial  resolution  of  110  pm  [6]. 
In  their  system,  the  samples  are  placed  very  close  to  the 
tapered  waveguide  used  as  a probe.  For  introducing  such 
noncontact  evaluation  systems  in  the  fabrication  process 
of  semiconductor  devices,  it  is  preferable  to  separate 
samples  and  the  probe  widely.  The  imaging  systems 
using  THz  waves  are  appropriate  for  this  purpose  [7]. 

In  this  paper,  we  constructed  an  imaging  system  using  the 
focused  THz  beam  generated  and  detected  by 
photoconductive  antennas  and  applied  it  to  imaging  the 
photoexcited  carrier  distribution  in  silicon  wafers.  The 
photoexcited  carrier  distribution  is  obtained  with  spatial 
resolution  of  2.5  mm. 

II.  THz  Imaging  System 

Fig.  2 shows  the  schematic  diagram  of  a THz  imaging 
system.  Optical  pulses  with  a time  width  of  ^ 80  fs,  a 
wavelength  of  ^ 800  nm,  and  a repetition  rate  of  82  MHz 
from  a mode-locked  Ti: sapphire  laser  were  used  to  excite 
a dipole-type  photoconductive  antenna  on  low- 
temperature  grown  GaAs  (LT-GaAs)  for  generating  THz 
wave  pulses.  The  generated  THz  beam  was  focused  on  a 
sample  by  two  paraboloidal  mirrors  (Mi  and  M2)  and 
collected  and  focused  by  two  paraboloidal  mirrors  (M3 
and  M4)  into  a dipole-type  photoconductive  antenna  on 
LT-GaAs  used  as  a detector.  The  focal  length  of  Mi  and 


Fig.  2:  Schematic  diagram  of  the  THz  imaging  system 
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Fig.  3:  (a)  Maximum-amplilude  distribution  of  THz 

waves  in  the  X~Y  plane  at  the  focal  point  and 
(b)  variation  of  the  spot  size  along  the  beam 
direction  at  0,45,  0.8  and  1 THz 

M4  was  7.6  cm  and  that  of  M2  and  M3  was  11.9  cm. 
The  detector  was  triggered  by  optical  pulses  divided  from 
the  exciting  laser  pulses  after  time  delay. 

The  focusing  characteristics  of  the  THz  beam  near  the 
focal  point  were  measured  by  translating  a metal  mask 
with  a pinhole  of  1 mm  diameter  and  taking  a waveform 
in  the  time  domain  at  each  position.  The  exciting  laser 
pulses  were  chopped  at  2 kHz  and  the  current  induced  by 
the  THz  electric  field  in  the  detector  was  lock-in  detected. 
Fig.  3 (a)  shows  the  distribution  of  the  maximum 
amplitude  of  the  waveform  in  the  plane  perpendicular  to 
the  beam  direction  at  the  focal  point.  The  distribution  is 
deformed  from  a simple  Gaussian  profile  probably  due  to 
slight  misalignment  of  optics.  The  full  width  at  half 
maximum  (FWHM)  of  the  amplitude  in  the  X and  Y 
directions  are  1.8  and  3,2  mm,  respectively.  Since  the 
focussing  characteristics  are  expected  to  be  different  for 
different  frequencies,  we  calculated  the  Fourier  spectrum 
of  the  waveform  in  the  time  domain  at  each  position  and 
fitted  it  with  a Gaussian  distribution  function  along  the  X 
axis  at  each  frequency.  The  change  of  the  FWHM  of  the 
amplitude  thus  obtained  at  0.45,  0.8  and  1 THz  along  the 
Z axis  (beam  direction)  is  plotted  in  Fig.  3 (b).  The 
FWHM  at  the  focal  point  decreases  with  increasing 
frequency  as  expected  from  classical  optics. 

III.  Imaging  of  Photoexcited  Carriers 

In  order  to  see  the  effect  of  photoexcited  carriers  on  the 
THz  transmission  for  silicon  wafers,  the  waveforms  with 
and  without  CW  laser  diode  illumination  (800  nm,  100 
mW)  are  measured.  The  silicon  wafer  is  P-doped  (2.5 
Qcm)  and  the  thickness  is  400  pm.  The  diameter  of  the 


Fig.  4:  Waveforms  of  the  transmitted  THz  waves  (a) 
without  and  (b)  with  CW  laser  diode 
illumination 

laser  spot  on  the  sample  is  about  2 mm.  Fig.  4 shows  the 
waveforms  (a)  without  and  (b)  with  illumination  of  laser 
light.  With  the  illumination  of  the  laser  light,  the 
transmittance  decreases  due  to  the  increase  of  the  free 
carriers. 

The  position  dependence  of  the  THz  transmission  change 
is  measured  by  translating  the  laser  diode  on  an  X-Y 
stage  as  shown  in  Fig.  2.  Since  the  sample  used  is 
homogeneous,  we  are  essentially  measuring  the  position 
dependence  of  the  THz  transmission  of  the  silicon  wafer 
illuminated  nonuniformly  by  the  laser  light.  The  CW 
light  from  the  laser  diode  is  chopped  at  2 kHz  instead  of 
chopping  the  beam  from  the  Tiisapphire  laser  and  the 
current  induced  by  the  THz  electric  field  is  lock-in 
detected.  In  this  measurement,  the  photoinduced  change 
of  the  THz  waveform  corresponding  to  (a)  - (b)  in  Fig.  4 
is  measured. 

The  maximum-amplitude  distribution  of  the  waveforms 
in  the  X-Y  plane  at  the  focal  point  is  shown  in  Fig.  5 (a). 
The  FWHM’s  of  the  distribution  are  3.9  mm  for  both  X 
and  Y axes.  Since  the  spot  size  of  the  THz  beam  on  the 
sample  changes  with  frequency,  the  spatial  resolution  of 
the  image  of  the  photoexcited  carriers  will  change  with 
frequency.  To  confirm  this,  we  Fourier  transformed  the 
waveform  at  each  position  and  obtained  the  image  at  each 
frequency.  The  images  at  300  GHz  and  1.5  THz  are 
shown  in  Figs.  5 (b)  and  (c),  respectively.  The  FWHM’s 
in  the  X and  Y directions  of  the  image  at  300  GHz  are  5.0 
and  4.3  mm,  respectively,  and  those  at  1.5  THz  are  3.6 
and  3.5  mm,  respectively.  The  spatial  resolution 
increases  with  increasing  frequency  as  expected  [7]. 

Next,  we  show  the  dependence  of  the  amplitude  of  the 
transmitted  THz  wave  on  the  exciting  laser  intensity. 
Figs.  6 (a),  (b)  and  (c)  show  the  maximum-amplitude 
distribution  for  the  exciting  powers  of  80,  160  and  250 
mW,  respectively.  The  amplitude  increases  with 
increasing  the  exciting  laser  power  monotonically.  Fig.  6 
(d)  shows  the  dependence  of  the  amplitude  on  the 
exciting  laser  power.  The  amplitude  increases  linearly 
with  increasing  the  laser  power  until  -^150  mW  and 
shows  a trend  of  saturation  with  increasing  the  laser 
power  further.  This  result  indicates  that  the  amplitude  is 
proportional  to  the  photoexcited  carrier  number  when  the 
exciting  power  is  not  too  strong. 
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Fig.  5:  Transmitted  THz  wave  distribution  for  the 
silicon  wafer  illuminated  by  the  laser  diode 
corresponding  to  (a)  the  maximum  amplitude, 
(b)  the  amplitude  at  300  GHz  and  (c)  the 
amplitude  at  1 .5  THz 


(a)  80  mW  (b)  160mW 


Fig.  6:  Maximum-amplitude  images  of  transmitted 
THz  waves  for  (a)  80,  (b)  160  and  (c)  250  mW 
excitation,  and  (d)  the  dependence  of  the 
amplitude  on  the  exciting  laser  power 

Fig.  7 shows  the  THz  image  of  the  photoexcited  carrier 
for  the  case  of  the  defocused  excitation  of  the  laser  diode. 
Fig.  7 (a)  shows  the  laser  intensity  distribution  at  the 
sample  measured  with  the  beam  profiler  and  Fig.  7 (b) 
shows  the  maximum-amplitude  THz  image  of  the 
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Fig.  7:  (a)  Distribution  of  the  defocused  exciting 

laser  at  the  sample  surface  measured  by  the 
beam  profiler  and  (b)  its  THz  beam  image 

photoexcited  carrier  distribution  corresponding  to  this 
defocused  excitation  condition.  The  intensity  distribution 
of  the  defocused  laser  deviates  from  a Gaussian 
distribution  considerably  and  this  characteristic 
distribution  is  reflected  in  the  THz  maximum-amplitude 
image  with  decreased  spatial  resolution  due  to  the  THz 
beam  spot  size. 

Since  the  photoexcited  carrier  distribution  in  silicon 
wafers  depends  on  the  chopping  frequency  of  the  exciting 
light  due  to  the  diffusion  and  recombination  of  the 
photoexcited  carriers  [8],  the  amplitude  of  the  transmitted 
THz  waves  also  changes  with  the  chopping  frequency. 
Fig.  8 (a)  shows  the  change  of  the  depth  profile  of  the 
photoexcited  carrier  distribution  in  silicon  with  chopping 
frequency  calculated  assuming  that  the  surface 
recombination  velocity  at  the  front  surface  can  be 
neglected  and  the  recombination  time  is  100  ps. 

The  amplitude  and  penetration  depth  of  the  photoexcited 
carrier  density  oscillating  with  the  chopping  frequency 
decrease  with  increasing  frequency.  These  changes  of 
the  distribution  may  cause  the  decrease  of  the  THz 
amplitude  with  chopping  frequency.  Fig.  8 (b)  shows  the 
chopping  frequency  dependence  of  the  THz  amplitude. 
The  amplitude  decreases  with  increasing  chopping 
frequency  monotonically.  Although  the  detailed 
calculation  of  the  transmission  of  the  THz  wave  is 
difficult  because  of  the  distribution  of  the  photoexcited 
carriers,  which  causes  the  gradient  of  the  complex 
refractive  index  in  the  sample,  the  amplitude  may  be 
approximately  proportional  to  the  total  number  of  the 
photoexcited  carrier  oscillating  with  the  chopping 
frequency.  On  this  assumption,  we  calculate  the 
frequency  dependence  of  the  amplitude  and  find  that  the 


resolution  of  ^ 2.5  mm.  The  THz  imaging  system  in 
combination  with  photoexcitation  will  become  an  useful 
system  for  characterising  semiconductor  wafers  under 
processing  without  electrical  contact. 
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Fig.  8:  (a)  Calculated  chopping  frequency 

dependence  of  the  photoexcited  carrier 
distribution  in  silicon  and  (b)  the  measured 
chopping  frequency  dependence  of  the 
amplitude  of  the  transmitted  THz  wave 

result  in  Fig.  8 (b)  is  explained  by  assuming  the 
recombination  time  to  be  100  ps. 

IV.  Conclusion 

The  THz  wave  imaging  system  using  the 
photoconductive  antennas  as  an  emitter  and  detector  is 
constructed.  The  beam  waist  at  the  sample  is  about  2.5 
mm  in  our  system,  but  it  depends  on  frequency.  The 
photoexcited  carrier  distribution  in  silicon  wafers  can  be 
measured  by  using  this  imaging  system  with  spatial 
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